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BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[1] This invention relates to LCD manufacturing and, more particularly, to a system 
and method for improving TFT-array manufacturing yields. 

2. Background of the Related Art 

[2] Yield management is important in LCD manufacturing. In LCD manufacturing, a 
single large plate of glass is divided into just a handful of LCD panels. As consumer 
demand grows for larger and larger displays, substrates get larger and the number of LCD 
panels per glass plate decreases. Accordingly, production yields are critical in LCD 



manufacturing. 

[3] The majority of the costs of an LCD panel comes from manufacturing. As a 
result, profitability is closely linked to yield rates. Any changes in yield rates will have a 
financial impact. 

[4] LCD panel production is a highly automated process involving various 
manufacturing stages. Each manufacturing stage consists of many complex steps. For 
example, one stage of the process creates the thin-film transistor arrays on the glass 
substrate, which includes multiple passes of thin film deposition, resist layers, exposure, 
development, etching and stripping. The opportunities for defects occur at nearly every 
step of every stage in the manufacturing process. 

[5] Defects take several different forms, and can generally be divided into optical, 
mechanical and electrical defects. Some of these defects can be repaired, while others are 
permanent and may be severe enough to render the LCD panel unusable. 

[6] Optical defects are the most common defect. When this type of defect is present, 
a pixel is "stuck" in either a bright state, in which the pixel always transmits light, or a dark 
state, in which the pixel never transmits light. The most common cause for this type of 
defect is an electrical problem, such as a short or an open circuit in the cell's transistor or 
signal leads. Light or dark spots can also be caused by foreign particle contamination 
between the glass plates, or between the LCD panel and the backlight. 

[7] Another type of optical defect is non-uniformity, which can be caused by non- 



uniform cell gaps that result in varying thickness of the liquid crystal layer. Uniformity 
problems can also be caused by errors in the rubbing process for liquid crystal alignment 
layers, inconsistent color filter thickness or incomplete removal of chemical residues. 

[8] Mechanical defects can include broken glass and broken electrical connections. 
Broken electrical connections can arise from improper assembly, errors in alignment of the 
components and/ or mishandling. 

[9] Some LCD manufacturers use testing and inspection equipment that can 
automatically evaluate panels at intermediate points in the manufacturing process. In some 
cases, the defects can be automatically repaired. However, comprehensive testing in the 
LCD production process slows down production. In addition, there are capital and 
maintenance costs associated with the test equipment. Accordingly, manufacturers have to 
balance the need for comprehensive and accurate testing against the need to avoid slowing 
production as much as possible. 



SUMMARY OF THE INVENTION 

[10] An object of the invention is to solve at least the above problems and/or 
disadvantages and to provide at least the advantages described hereinafter. 

[11] To achieve the objects, and in accordance with the purpose of the invention, 
as embodied and broadly described herein, the present invention provides a system and 
method for detecting defects in TFT-array panels. The system and method of the present 
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invention improves defect detection accuracy by adjusting the thresholding parameters 
used to classify defective pixels when the number of defects reported by a TFT-array 
testing system exceeds a predetermined critical number. In a preferred embodiment, the 
thresholding parameters are adjusted until the number of reported defects is less than or 
equal to the predetermined critical number. The predetermined critical number represents 
a threshold number for determining if the number of reported defects is abnormally high. 

[12] In most cases, defects caused by process non-uniformities and process 
contamination are hard to identify under a microscope, and they cannot be repaired by 
TFT-array repair equipment even if they are identified. Thus, reducing the number of 
reported defects to a number equal to or less than the predetermined critical number will 
decrease the operation time of the TFT-array repair equipment, because of the reduced 
number of potential defects it will be required to handle. 

[13] Inaccuracies in the TFT-array testing system can also cause an abnormally 
high number of reported defects. In this case, reducing the number of reported defects to a 
number equal to or less than the predetermined critical number will result in the TFT-array 
testing system reporting a smaller number of potential defects, with the potential defects 
that are reported having a higher probability of being real defects. Thus, the present 
invention improves the defect detection accuracy of the TFT-array testing system, even 
when the system's intrinsic performance is inaccurate. 

[14] Additional advantages, objects, and features of the invention will be set forth 

in part in the description which follows and in part will become apparent to those having 
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ordinary skill in the art upon examination of the following or may be learned from practice 
of the invention. The objects and advantages of the invention may be realized and attained 
as particularly pointed out in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[15] The invention will be described in detail with reference to the following 
drawings in which like reference numerals refer to like elements wherein: 

[16] Figure 1 A is a block diagram of the process flow for TFT-LCD fabrication, in 
accordance with the present invention; 

[17] Figure IB is a block diagram of one preferred embodiment of the processor 
of Fig. 1A; 

[18] Figure 2 is a block diagram of the assembly stage 200 of the process flow 
shown in Fig. 1; 

[19] Figure 3 A is a plot showing the pixel voltage distribution when half of the 
pixels of the TFT-array panel have positive pixel voltages and the other half have negative 
pixel voltages, in accordance with the present invention; 

[20] Figure 3B is a block diagram of a TFT-array testing system, in accordance with 
the present invention; 

[21] Figure 3C are plots showing measured pixel voltage distributions for pixels 

driven with positive voltages, along with thresholding parameters calculated using a 
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"relative thresholding" method; 

[22] Figure 3D is a plot showing an example of pixel voltage distributions at two 
measurement points on a TFT-array panel; 

[23] Figure 3E are plots showing measured pixel voltage distributions for pixels 
driven with positive voltages, along with thresholding parameters calculated using a 
"standard deviation" method, in accordance with the present invention; 

[24] Figure 3F is a flow chart showing steps in a standard deviation measurement 
process, in accordance with one embodiment of the present invention; 

[25] Figure 4 is a flow chart showing steps in a flexible thresholding process, in 
accordance with one preferred embodiment of the present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
L Thin-Film Transistor (TFT) Liquid Crystal Display (LCD) Fabrication 

[26] Figure 1A is a block diagram of the process flow for TFT-LCD fabrication. 
The fabrication process can be divided into two stages, an array panel fabrication stage 100, 
in which the thin-film transistor (TFT) array panels are fabricated on a substrate, and a test 
and assembly stage 200, in which the TFT-array panels are tested and the displays are 
assembled. 

[27] In the array panel fabrication stage, the glass substrate on which the TFT-array 

panels are fabricated is cleaned at step 102. Steps 104-110 represent well known process 
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steps for forming TFT-array panels on a glass substrate. They consist of a thin film 
deposition step 104, a photoresist patterning step 106, and etching step 108 and a 
photoresist stripping and cleaning step 110. Steps 104-110 are repeated for each patterned 
thin film layer that is deposited on the glass substrate. 

[28] Multiple TFT-array panels are typically fabricated on each glass substrate, 
which are also referred to as TFT-array base plates. A display unit, such as an LCD display, 
utilizes one TFT-array panel. 

[29] Once the TFT-array panels are fabricated on the glass substrate, the TFT- 
array panels proceed to the test and assembly stage 200, during which the TFT-array panels 
are tested, the liquid crystal (LC) cells are assembled and separated, and the electrical 
connections are made to the liquid crystal cells to yield the liquid crystal modules that will 
ultimately be used in the LCDs. The assembly stage consists of various substages, 
including an array test stage 202, an array repair stage 204, a cell assembly stage 206, a cell 
inspection stage 208, a module assembly stage 210 and a module inspection stage 212. The 
assembly stage 200 may also optionally include a cell repair stage 214 and a module repair 
stage 216. 

[30] In the array test stage 202, each TFT-array panel is tested by driving the panel 

with a test signal, which will be explained in more detail below. TFT-array panels that are 

determined to be bad (e.g., defective) are sent to the array repair stage 204. The panels that 

are determined to be good are sent to the cell assembly stage 206. In the array repair stage 

204, the bad panels that can be repaired are repaired using techniques known in the art, and 
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the repaired panels are then sent to the cell assembly stage 206. 

[31] In the cell assembly stage 206, the LC cells are assembled by laminating front 
and rear glass plates to the TFT-array panels and injecting liquid crystal material between 
the front and rear glass plates using techniques known in the art. In addition, the individual 
LC cells are separated from each other at this stage by dicing the TFT-array base plate 
(glass substrate). 

[32] The assembled and separated LC cells are then sent to the cell inspection stage 
208, where they are inspected for defects. LC cells that are determined to be damaged can 
be sent to an optional cell repair stage 214. The LC cells that are determined to be good 
LC cells, and the repaired LC cells, if the optional cell repair stage 214 is implemented, are 
then sent to the module assembly stage 210. 

[33] In the module assembly stage 210, the required electrical connections are 
made to the LC cells to yield the LCD modules that will ultimately be used in LCDs. The 
LCD modules then proceed to the module inspection stage 212, where they are tested 
using techniques known in the art. An optional module repair stage 216 can be used to 
repair LCD modules that are deemed to be defective at the module inspection stage 212. 

[34] A processor 220 sends and receives data to/ from the test and assembly stage 
200. In a preferred embodiment, shown in Fig. IB, the processor 220 includes a 
comparison unit 222 and an estimating unit 224. The comparison unit 222 compares the 
inputs and outputs of the various substages in the test and assembly stage 200 for different 
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manufacturing setups. The estimating unit 224 receives comparison data from the 
comparison unit 222, and estimates the effect that a change in the manufacturing setup has 
on a desired parameter, such as profit The estimating unit 224 utilizes methodologies that 
will be described below. The estimate data produced by the estimating unit 224 may be 
used to optimize the manufacturing setup used by the test and assembly stage 200. 

II. Profit Model for TFT-LCD Fabrication 

[35] A profit model for TFT-LCD fabrication, in accordance with one 
embodiment of the present invention, will be described with reference to Figure 2, which is 
a block diagram of the assembly stage 200 of the process flow shown in Fig. 1. 

[36] The variables used to describe the main process stages of Fig. 2 are defined as 
follows: 

Ia = Number of input panels to array test stage 202; 

Iar = Number of input panels to array repair stage 204; 

Ic = Number of input panels to cell inspection stage 208; 

Im = Number of input panels to module inspection stage 212; 

Oatg = Number of passed panels at array test stage 202; 

Oatb = Number of irreparably bad panels at array test stage 202; 

Oatr = Number of reparable panels at array test stage 202, which is the same as Iar; 

Oarg = Number of passed panels at array repair stage 204; 
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Oarb = Number of bad panels at array repair stage 204; 

Ocg = Number of passed panels at cell inspection stage 208; 

Ocb = Number of irreparably bad panels at cell inspection stage 208; 

Omg = Number of passed panels at module inspection stage 212; and 

Omb = Number of irreparably bad panels at module inspection stage 212. 

[37] For the optional production flow stages 214 and 216, the additional variables 
used are defined as follows: 

Ocir = Number of reparable panels at cell inspection stage 208; 

Omir = Number of reparable panels at module inspection stage 212; 

Ocrg = Number of passed panels at cell repair stage 214; 

Omrg = Number of passed panels at module repair stage 216; 

Ocrb = Number of bad panels at cell repair stage 214; and 

Omrb = Number of bad panels at module repair stage 216. 

[38] A model that describes the relationship between profits and variations in 
yields at cell and module inspections will now be described. Certain cost variables will be 
used as follows: 

Ca = Cost to make a TFT panel; 

Ct = Cost to test a TFT panel; 
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Cr = Cost to repair a TFT panel; 

Cc = Cost of cell assembly for a TFT panel; 

Cci = Cost of cell inspection for a TFT panel; 

Cm = Cost of module assembly for a TFT panel; and 

Cmi = Cost of module inspection for a TFT panel 

[39] In order to have an initial reference for the evaluation of changes in the 
manufacturing parameters used in the testing, inspection, or assembly stages, a current 
manufacturing setup is called a "primary manufacturing setup", and the results obtained 
with the primary manufacturing setup are referred to as "primary results. 55 

[40] The cost analysis is done in connection with the assembly stage 200 of the 
process flow, without the optional cell repair stage 214 and module repair stage 216. This 
assumes that there is no difference in costs and output quantities between the primary 
manufacturing setup and a proposed new manufacturing setup. The cost to manufacture a 
TFT-LCD panel using the primary setup, COSTprime, can be expressed as follows: 

COSTprime = Array manufacturing cost + Array test cost + Array repair cost + Cell 
assembly cost + Cell inspection cost + Module assembly cost + Module inspection cost. (1) 

[41] One can obtain the expressions for the cost values as follows: 

Array manufacturing cost = Ia Ca (2) 

Array test cost = Ia Ct (3) 
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Array repair cost = Iar Cr (4) 

Cell assembly cost = Ic Cc (5) 

Cell inspection cost = Ic Cci (6) 

Module assembly cost = Im Cm (7) 

Module inspection cost = Im Cmi (8) 

[42] The yields at each stage are defined as follows: 

Yield of array test (Yat) = Oatg / Ia (9) 

Yield of array repair (Yar) = Oarg / Iar (10) 

Yield of cell inspection (Yc) = Ocg / Ic (11) 

Yield of module inspection (Ym) = Omg / Im (12) 

[43] Since Im = Ocg without the optional cell repair and module repair stages 214 
and 216, Equation (11) can be written as: 

Im = Y C Ic (13) 

From Equations (1), (2) -(8), and (13) one obtains: 

COSTprime = Ia Ca + Ia Ct + Iar Cr + I c Cc + Ic Cci + Y c Ic C M + Yc Ic Cmi (14) 



[44] The value of the final TFT-LCD module output, in the case of the primary 
manufacturing setup without the optional cell repair and module repair stages 214 and 216, 
can be expressed as follows: 
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PRODUCTprime = Omg Pvalue, (1 5) 

where Pvalue is the value of a TFT-LCD module fabricated using the primary 
manufacturing setup. From Equations (12), (13), and (14), one obtains: 

PRODUCTprime = Y M Y c Ic Pvalue (1 6) 

[45] When a new manufacturing setup is used in the array test stage 202, cell 
inspection stage 206, module inspection stage 212, cell assembly stage 206, and/or module 
assembly stage 210, one can expect to have new values represented by the following 
variables: 

Par = New number of input panels to array repair; 

Fc = New number of input panels to cell inspection; 

I'm = New number of input panels to module inspection; 

O'atg = New number of passed panels at array test; 

O'atb = New number of irreparably bad panels at array test; 

O'atr = New number of reparable panels at array test, which is the same as Par; 

O'arg = New number of passed panels at array repair; 

O'arb = New number of bad panels at array repair; 

O'cg = New number of passed panels at cell inspection, which is same as I'm; 
O'cb = Number of bad panels at cell inspection; 
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O'mg = New number of passed panels at module inspection; 

O'mb = New number of bad panels at module inspection; 

Y'at = New yield of array test; 

Y'ar = New yield of array repair; 

Y'c = New yield of cell inspection; and 

Y'm - New yield of module inspection. 

[46] One can then obtain a new set of expressions for the new manufacturing 
setup, without the optional cell repair and module repair stages 214 and 216, as follows: 

COSTnew = Ia Ca + Ia Or + Far Cr + F c Cc + Fc Cci + Y'c Ic Cm + Y'c F c Cmi (17) 

PRODUCTnew - Y' M Y'c Fc P Value, (1 8) 

where P value is the value of the TFT-LCD module fabricated with the new manufacturing 
setup. 

[47] The profit increase (or deficit decrease), P, that results from the new 
manufacturing setup is obtained as follows: 

P = COSTprime - COSTnew + PRODUCTnew - PRODUCTprime (19) 

[48] From Equations (14), (16), (17), (18), and (19) one obtains the following 
expression for P: 

P = (Tar-Far ) Cr + (Ic - Fc) Cc + (Ic - I'c) Ca + YcIcCm + YcIcCmi - Y'cI'cCm - 

Y'cFcCmi + Y'mY'cFcP'value - Y m Y c IcPvalue (20) 
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[49] During regular production of a TFT-LCD, one can assume that Oatb + Oarb 
= O'atb + O'arb, because a bad panel usually gets carried to the next process stage, as the 
individual panels have not yet been separated from each other and are all on a common 
TFT-array base plate. If this assumption is valid, then with 

Ic = Ia - (Oatb + Oarb), and (21) 
Fc = Ia - (O'atb + O'arb), (22) 
one obtains: 

Ic = F C (23) 

[50] Using Equation (23) in Equation (20), one obtains 

P s (Iar-Iar) Cr+(Y c -Y'c) Ic (Cm+Cmi)+(Y 5 m Y*c P value-Ym Y c Pvalue)Ic (24) 

Since the value of a TFT-LCD module is irrelevant to the manufacturing setup, one 
obtains: 

Pvalue = P Value (25) 

[51] Thus, with Equation (25), Equation (24) can be further simplified as: 

P - (Iar-Iar) Cr+(Y c -Y'c) Ic (Cm+Cmi) + (Y'm Y' c -Y m Yc) Pvalue Ic (26) 

Accordingly, Equation (26) can be used to calculate the profit increase or decrease as a 
result of the yield variation that occurs due to a new manufacturing setup. 

[52] One can use the relationships described above to evaluate the profits and the 

production quantities needed to achieve a break-even point in TFT-LCD manufacturing. 
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This type of cost analysis is done based on the assumption that no TFT-array panels are 
discarded as bad panels during TFT-array process. The cost of TFT-LCD panel (COST) 
can be expressed as follows: 

COST = Array manufacturing cost + Array test cost + Array repair cost + Cell assembly 
cost + Cell inspection cost + Module assembly cost + Module inspection cost + Packaging 
cost + Storage and transportation cost + Other fixed cost. (27) 

[53] One can obtain additional expressions for the cost values as follows: 

Packaging cost = Im Cp; and (28) 

Storage and transportation cost = Im Cs, (29) 

where Cp and Cs are the unit packaging and storage/ transportation cost, respectively. 



[54] From Equations (2)-(8), (13), (27), (28), and (29) one obtains: 

COST=I a Ca + IaCt + IarCr + IcCc + IcCci + Y c Ic(Cm + Cmi + C P + Cs) + C F , (30) 

where Cf is other fixed costs. The value of the final output, without the optional cell and 
module repair stages 214 and 216, can be expressed as follows: 



PRODUCT = Omg Dsale, 



(31) 



where Dsale is the sales price of a TFT-LCD product unit. 



[55] From Equations (12), (13), and (31), one obtains: 



PRODUCT = Ym Yc Ic Dsale. 



(32) 



Then, the profit (PT) is obtained by: 
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PT = PRODUCT - COST. (33) 

[56] From Equations (30), (32), and (33), one obtains: 
PT=Y m YcIcDsale - (IaCa+IaCt+IarCr+IcCc+IcCci+Y c Ic(Cm+Cmi+Cp+Cs)+Cf). (34) 

[57] Using Equation (21) in Equation (34), one obtains: 

PT=YmY c (Ia-Oatb-Oarb)Dsale-(IaCa+IaCt+IarCr+Cf+(Ia-Oatb-Oarb)(Cc+Cci+YcCm 
+Y c Cmi+Y c Cp+YcCs)). (35) 

[58] If one defines Yt as: 

Y T s (Oatb + Oarb) / Ia, (36) 

then Equation (35) becomes: 

PT = YmYcIa (1-Yt) Dsale- (Ia (Ca+Ct) + IarCr + Cf + Ia (1-Yt) (Cc+Cci+Yc 
(Cm+Cmi+Cp+Cs))). (37) 

[59] Ia for the break-even point where PT is zero (Ia-even) becomes: 

Ia-even = (IarCr + Cf) / (Y M Y C (1 - Yt) Dsale - (Ca + Cx + (1 — Yt) (Cc + Cci + Y C (C M + 
Cmi + Cp+Cs)))). (38) 

[60] In normal production, one can assume: 

Oatb « Ia (39) 

Thus, with Equation (9), one obtains: 

Iar = Oatr = Ia - Oatb - Oatg = Ia - Oatg = Ia (1 - Yat). (40) 
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[61J From Equations (37) and (40), one obtains: 

PT = Y M Yc Ia (1 - Yt) Dsale - (Cf + Ia (Ca + Or + (1 - Yat) Cr + (1 - Yt) (Cc + Cci + 
Yc (Cm + Cmi + Cp + Cs)))). (41) 

[62] Ia-even is again obtained for Ia, making PT = 0 in Equation (41), as follows: 

Ia-even = Cf / (Y M Yc (1 - Yt) Dsale - (Ca + Cr + (1 - Yat) Cr + (1 - Yt) (Cc + Cci + 
Yc (Cm + Cmi + Cp + Cs)))). (42) 

Accordingly, the profit and the production quantities needed for break-even can be derived 
from yield numbers, cost numbers and sales price. 

[63] The profit model described above is applicable to a production line model that 
does not utilize the cell and module repair stages 214 and 216. However, it should be 
appreciated that the profit model described above can be adapted for a production line 
model that does utilize the optional cell and model repair stages 214 and 216, while still 
falling within the scope of the present invention. Further, if the optional cell and module 
repair stages 214 and 216 are used, but the cell and module repair rates are so low as to not 
make a significant contribution to the yield rates, then the above-described profit model 
may be applied. 

III. Identifying Defects During TFT-Array Panel Testing 

[64] Each TFT-array panel is tested in the array test stage 202 using array testing 

equipment known in the art. When each TFT-array panel is tested by the array testing 
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equipment, the TFT-array panel is driven by electrical signals and the storage capacitor of 
each pixel goes through electrical charging and discharging operations in order to achieve 
certain target voltage signals. The sensor of the array test equipment measures the pixel 
voltage on the storage capacitor of every pixel of the TFT-array panel. If a pixel has a 
defect, then the pixel voltage of the defected pixel is different from the pixel voltage of the 
normal pixels. The difference between the defected pixel voltage and the normal pixel 
voltage is called a "defect signal." 

[65] Figure 3A is a plot showing the pixel voltage distribution when half of the 
pixels of the TFT-array panel have positive pixel voltages and the other half have negative 
pixel voltages. These distributions can be represented by a statistical distribution function 
because of the large number of pixels in each TFT-array panel, and because of the sensor's 
statistical behavior. The distribution function for normal positive pixel voltages 310 is well 
represented by a normal distribution function as follows: 

@p = Np exp [- (v- Vp) 2 /(2gp 2 )] / ^o P 2 , (43) 
where @p represents the distribution function for normal positive pixel voltages, Np is the 
total number of pixels having normal positive pixel voltages, v is a pixel voltage variable, Vp 
is a mean value and op is a standard deviation of the normal distribution function for 
positive pixel voltages. 

[66] Np can be obtained by subtracting the number of defective pixels having 
positive pixel voltages from the total number of pixels having positive pixel voltages, and 
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can be approximated to be the total number of pixels having positive pixel voltages because 
the number of defective pixels having positive pixel voltages is far lower than the number 
of normal pixels having positive pixel voltages. 

[67] The distribution function for normal negative pixel voltages 320 is similarly 
well represented by a normal distribution function as follows: 

@n = N N exp [- (v- V N ) 2 /(2a N 2 )] / > (44) 

where &n represents the distribution function for normal negative pixel voltages, Nn is a 
total number of pixels having normal negative pixel voltage, and Vn is a mean value and on 
is a standard deviation of normal distribution function for negative pixel voltages. 

[68] Nn can be obtained by subtracting the number of defective pixels having 
negative pixel voltages from the total number of pixels having negative pixel voltages, and 
can be approximated to be the total number of pixels having negative pixel voltages 
because the number of defective pixels having negative pixel voltages is far lower than the 
number of normal pixels having negative pixel voltages. The values of Vp, ap, Vn, and ctn 
can be typically obtained from the array testing equipment. 

[69] The plot of Fig. 3 also shows the defective pixel voltage distributions 330 
(Oph), 340 (Opl\ 350 (Onh\ and 360 (6W). Oph and Gpl represent the defective pixel 
voltage distributions in response to driving signals that produce positive polarity pixel 
voltages. 6nh and Qnl represent defective pixel voltage distributions in response to driving 
signals that produce negative polarity pixel voltages. 
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[70] The array testing equipment uses thresholding parameters of Vthi+, Vtlo+, 
Vthi-, and Vtlo- to detect the defective pixels. Pixels driven to have positive pixel voltages 
are reported as defective when their pixel voltages fall outside of the positive threshold 
region between Vthi+ and Vdo-h Pixels driven to have negative pixel voltages are reported 
as defective when their pixel voltages fall outside of the negative threshold region between 
Vthi- and Vtlo-. 

Under-Killed and Over-Killed Defects 

[71] If a normal pixel exhibits a pixel voltage that is outside of the threshold 
region, then the normal pixel is wrongly classified as a defective pixel. This erroneous 
classification is called an "over-killed defect/' If a defective pixel exhibits a pixel voltage 
that is inside of the threshold region, then the defective pixel is wrongly characterized as a 
normal pixel. This erroneous classification is called an "under-killed defect." 

[72] Under-killed defects lower the yields at the cell inspection stage 208 (Yc) 
and/or the yields at the module inspection stage 212 (Ym). Over-killed defects lower the 
productivity of the array repair equipment used in the array repair stage 204. Therefore it is 
very important to set the right values for the thresholding parameters, in order to maximize 
profit or minimize the loss of product fabrication. 

Improving Defect Detection Accuracy of TFT- Array Tester 

1. Adaptive Thresholding 

[73] As the size of TFT-LCDs increase for use in larger TFT-LCD displays, the 
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TFT- array tester has to take multiple measurements to test a single TFT-array panel. This 
is because, once the TFT-array panel exceeds a certain size, the measurement sensor of 
TFT-array testers can not cover the entire TFT-array panel. Thus, multiple measurements 
are performed by the TFT-array tester for one TFT-array panel. 

[74] Figure 3B is a block diagram of a TFT-array testing system 362, which 
includes a TFT-array tester 364 and a controller 366. For large TFT-array panels, the TFT- 
array tester 364, under the control of the controller 366, takes measurements at one portion 
of the TFT-array panel, and then either the TFT-array panel or the sensor (not shown) of 
TFT-array tester 364 is moved, preferably via a stepping motion, so that another portion of 
the TFT-array panel can be tested. 

[75] Because either the sensor of the TFT-array tester 362 or the TFT-array panel 
is moved between measurements, the pixel voltage distributions (310, 320, 330, 340, 350 
and 360 in Fig. 3A) may change after each measurement due to environmental changes or 
other causes. If fixed thresholding parameters are used, such as the fixed thresholding 
parameters Vthi+, Vdo+, Vthi- and Vthl- in Fig. 3A, the defect detection accuracy 
decreases, because the fixed thresholding parameters are designed to be used with 
substantially fixed pixel voltage distributions. 

[76] One way of mitigating this effect and improving the defect detection accuracy 

of the TFT-array testing system 362 is to use "relative thresholding", in which the mean 

values of the pixel voltage distributions (Vp and/or Vn in Fig. 3A) are obtained at each 

measurement position, and predetermined constants are added to or subtracted from the 
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mean pixel voltage distributions to obtain the values for the thresholding parameters. 

[77] This relative thresholding method is illustrated in Fig. 3C, which are plots 
showing measured pixel voltage distributions for pixels driven with positive voltages, along 
with thresholding parameters calculated using the relative thresholding method. Although 
only pixel voltage distributions for pixels driven with positive voltages are shown for ease 
of illustration, it should be appreciated that the following method can also be applied to 
pixels driven with negative voltages. 

[78] Like the distributions shown in Fig. 3A, the distributions shown in Fig. 3C are 
represented by a statistical distribution function because of the large number of pixels in 
each TFT-array panel, and because of the sensor's statistical behavior. Plot (1) shows a 
measured pixel voltage distribution having a relatively small standard deviation op and plot 
(2) shows a measured pixel voltage distribution having a relatively large standard deviation 
ap. 

[79] Using the relative thresholding method, the thresholding parameters are 
calculated as follows: 

Vthi+ = (Vpm + Khi+); 

Vtlo+ = (Vpm - Klo+); 

Vthi- = (Vnm + Khi-); and 

Vtlo- = (Vnm - Klo-); 

where Vpm and Vnm are the measured mean pixel voltage values for positively and 
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negatively driven pixels, respectively, and Khi+, Klo+, Khi-, and Kjx>- are the predetermined 
constants that are added to or subtracted from the measured mean pixel voltage values. 

[80] The relative thresholding method reduces the effect of moving mean pixel 
voltage values on the defect detection accuracy. However, this method does not take into 
account changes in the standard deviation ap of the pixel voltage distribution due to 
environmental changes or other causes. The change in the standard deviation of the pixel 
voltage distribution is illustrated in Fig. 3D, which is a plot showing an example of pixel 
voltage distributions at two measurement points. 

[81] Pixel voltage distribution 368 is for a first measurement point on a TFT-array 
panel, and pixel voltage distribution 370 is for a second measurement point on the TFT- 
array panel. Both pixel voltage distributions 368 and 370 exhibit the same mean value of 
approximately 7.0, but the standard deviation of pixel voltage distribution 368 is 0.5, while 
the standard deviation of pixel voltage distribution 370 is 1.0. The change in the standard 
deviation may be caused by environmental factors, variations in the manufacturing process, 
or by other factors. 

[82] Similarly, plot (1) of Fig. 3C is for a first measurement point on a TFT-array 

panel having a first standard deviation, and plot (2) in Fig. 3C is for a second measurement 

point on the TFT-array panel having a second, larger standard deviation. A larger standard 

deviation means a wider pixel voltage distribution 320. A wider pixel voltage distribution 

means that some pixels exhibiting voltages in the normal range may exceed the 

thresholding limits set by the predetermined constants in the relative thresholding method, 
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and be falsely classified as defective. 

[83] In order to avoid this phenomena when using the relative thresholding 
method, larger values must be used for the predetermined constants. However, using 
larger values for the predetermined constants will result in a decrease in detection accuracy 
if the standard deviation goes down in subsequent measurements, such as the measurement 
shown in plot (1). 

[84] Accordingly, a preferred method of determining the thresholding parameters 
is illustrated in Fig, 3E, which are plots showing measured pixel voltage distributions for 
pixels driven with positive voltages, along with thresholding parameters calculated using a 
"standard deviation" method. 

[85] With the standard deviation method, the standard deviation of the pixel 
voltage distribution is obtained at each measurement point. The thresholding parameters 
for each measurement point are then obtained by multiplying the standard deviation value 
obtained for the current measurement point by a predetermined constant to yield on offset 
value, and adding the offset value to the measured mean pixel voltage value. Using the 
relative thresholding method, the thresholding parameters are calculated as follows: 

Vthi+ = [Vpm + (Chh op)]; 

Vdo+ = [Vpm - Clo+ ot)]; 

Vthi- = [Vnm + Chi- on)]; and 

Vdo- = [Vnm - Cjlo- on)]; 
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where Vpm and Vnm are the measured mean pixel voltage values for positively and 
negatively driven pixels, respectively, and Chi+, Gx>+, Chi-, and Clo- are the predetermined 
constants that are multiplied by the standard deviation op and aN, respectively. 

[86] By using the measured standard deviation at each measurement position, the 
thresholding parameters are adjusted based on actual standard deviations at each 
measurement position. Thus, because the changes in standard deviation are taken into 
account when setting the thresholding parameters, one does not have to reduce the 
detection accuracy at measurement positions with small standard deviations in order to 
avoid false defects at measurement positions exhibiting large standard deviations. 

[87] Figure 3F is a flow chart showing steps in a standard deviation measurement 
process, in accordance with one preferred embodiment of the present invention. The 
process starts at step 372, where the predetermined constants are set. The process then 
proceeds to step 374, where the TFT- array panel and/or the sensor of the TFT-array tester 
are positioned at the next measurement position. If this is the first measurement, then the 
TFT-array panel and/or the sensor of the TFT-array tester are positioned at the first 
measurement position. 

[88] Next, at step 376, the pixel voltage distribution is measured by the TFT-array 
tester for the set of pixels that can be accessed by the TFT-array tester at the current 
measurement position. Then, at step 378, a mean pixel voltage value is calculated based on 
the pixel voltage distribution measured at step 376. 
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[89] The process then proceeds to step 380, where the standard deviation of the 
pixel voltage values obtained at step 376 is calculated. Next, at step 382, the thresholding 
parameters used to classify defective pixels are calculated based on the calculated standard 
deviation and mean pixel voltage values, and the predetermined constants. 

[90] At step 384, it is determined whether all the pixels in the panel have been 
tested. If all the pixels in the panel have been tested, the process ends at step 386. 
Otherwise, the process jumps back to step 374. 

[91] The thresholding parameters calculated at step 382 are then used by the TFT- 
array testing system (controller 366 in Fig. 3B) to determine whether any of the pixels that 
were tested at the current measurement position are defective. As discussed above, the 
standard deviation measurement process is particularly suited for the testing of TFT- array 
panels that contain more pixels than can be measured by the sensor of the TFT-array tester 
in a single measurement. In this case, the TFT-array tester needs to perform multiple 
measurements in order to measure all the pixels in the TFT-array panel. The system and 
method of the present invention calculates the standard deviation of the measured pixel 
voltages at each measurement point, and adjusts the thresholding parameters based on the 
calculated standard deviation. 

[92] However, it should be appreciated that the standard deviation measurement 

process can also be used for the testing of smaller TFT-array panels, in which all the pixels 

of the TFT-array panel can be measured by the sensor of the TFT-array tester in a single 

measurement. In this case, the standard deviation of the pixel voltages would be measured 
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for the one measurement point, and used to determine the thresholding parameters used to 
classify the pixels. Then, when a new TFT-array panel is tested, the standard deviation is 
again calculated for that TFT-array panel and used accordingly. In this way, differences in 
the standard deviation of pixel voltages between different TFT-array panels can be 
monitored and used to adjust the thresholding parameters. 

[93] Changes in the measured standard deviation of pixel voltages, either between 
different measurement points on a common TFT-array panel or between different TFT- 
array panels, can be an indicator of a potential malfunction or performance degradation of 
the TFT-array tester 364. Accordingly, the standard deviation measurement process 
described above can also be used to monitor the performance of the TFT-array tester 364. 
For example, the controller 366 can be programmed so that a predetermined fluctuation 
amount in the measured standard deviation will trigger a warning signal. The trigger can be 
based on a predetermined fluctuation in the standard deviation between different 
measurement points on a common TFT-array panel, a predetermined fluctuation in the 
standard deviation between different TFT-array panels, a predetermined fluctuation in the 
average standard deviation for an entire lot of TFT-array panels, a predetermined 
fluctuation in the average standard deviation of a TFT-array panel, or based on any other 
definable fluctuation in the measured standard deviation of the pixel voltage values. 

2. Flexible Thresholding 

[94] Foreign substances or particles on TFT-array panels may generate one or 

more single pixel defects and/or one or more groups of multiple pixel defects in a localized 
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area. A single pixel defect (SPD) is herein defined as an isolated defective pixel with no 
other immediately adjacent defective pixel. A group of multiple pixel defects (MPD) is 
herein defined as two or more adjacent defective pixels. 

[95] During normal production of TFT-LCDs, the total number of SPDs or MPDs 
that arise from the presence of foreign substances or particles rarely exceed a critical 
number (TNc). Sometimes, however, the TFT-array testing equipment will report an 
abnormally high number of SPDs or MPDs (greater than TNc) due to process non- 
uniformity or process contamination over an abnormally high pixel area, or due to 
inaccurate measurement by the testing equipment. 

[96] A "flexible thresholding" process can be used in the TFT-array testing system 
362 in order to properly handle the case of abnormally high SPDs and MPDs. First, one 
needs to define a parameter TNc as the critical total number of single pixel defects or 
gatherings of multiple pixel defects so that the probability of having more than TNc is 
negligently small in TFT-LCD manufacturing. TNc can vary depending on the fabrication 
and testing setups, and is preferably determined experimentally. TNc is also preferably 
chosen such that a repair attempt is not made on a TFT-array panel whose number of 
defects exceeds TNc. For example, it has been observed experimentally that TNc for the 
test and assembly stage of Fig. 2 is approximately 10. 

[97] Under the flexible thresholding process, if the total number of SPDs and 

MPDs is larger than TNc, then the TFT-array test system 362 tries to reduce the total 

number of SPDs and MPDs (TN) to a number equal to or less than but close to TNc by 
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loosening the thresholding parameters, which sets the pass or fail boundaries of the 
measured pixel Optionally, the amount that each thresholding parameters is loosened can 
have a maximum limit and, once the thresholding parameter has reached this limit, the 
process of reducing the total number of defects (TN) is stopped. 

[98] Figure 4 is a flow chart showing steps in a flexible thresholding process, in 
accordance with one preferred embodiment of the present invention. The process starts at 
step S400 and proceeds to step S410, where it is determined if the total number of SPDs 
and MPDs exceeds the predetermined critical number TNC If so, the process continues 
to step S420. Otherwise, the process jumps to step S450, where it ends. 

[99] At step S420, the thresholding parameter kpi is increased by an amount Akl, 
and the TFT-array testing system 362 performs a new defect screening using the increased 
kpi thresholding parameter that yields an updated number of total defects TN. Then, at 
step S430, it is determined if the updated number of total defects TN is greater than TNc. 
If so, then the process proceeds to step S440. Otherwise, the process jumps to step S460. 

[100] At step S440, it is determined if the increased kpi thresholding parameter is 
greater than a predetermined maximum value kpiMAX. If so, the process ends at step S450. 
Otherwise, the process jumps back to step S420. 

[101] At step S460, Akl is subtracted from the most recent value of the 
thresholding parameter kpi. Then, at step S470, the thresholding parameter kpi is increased 
by an amount Ak2, which is a smaller increment than Akl, and the TFT-array testing 
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system 362 performs a new defect screening using the increased kpi thresholding parameter 
that yields an updated number of total defects TN. Then, at step S480, it is determined if 
the updated number of total defects TN is greater than TNc. If so, then the process jumps 
back to step S470. Otherwise, the process jumps to step S450 and ends. 

[102] This process shown in Fig. 4 is preferably repeated for each thresholding 
parameter when multiple thresholding parameters are used by the TFT-array testing system 
362. 

[103] There could be various possible causes for an abnormally high number of 
SPDs or MPDs, and the flexible thresholding process of the present invention can be used 
to analyze those possible causes. Process non-uniformity or process contamination over an 
abnormally large pixel area can potentially cause an abnormally high number of SPDs or 
MPDs. However, process non-uniformity or process contamination may or may not turn 
out to be the actual process problem that causes real defects that may ultimately be 
detected by later cell or module inspections. 

[104] In most cases, process non-uniformities and process contamination are hard 
to identify under a microscope, and they cannot be repaired by TFT-array repair equipment 
even if they are identified. Thus, reducing TN to a number equal to or less than but close 
to TNc will decrease the operation time of the TFT-array repair equipment, because of the 
reduced number of potential defects it will be required to handle. 

[105] Inaccuracies in the TFT-array testing system 362 can also cause an abnormally 
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high number of SPDs or MPDs to be reported. In this case, reducing TN to a number 
equal to or less than but close to TNc will result in the TFT-array testing system 362 
reporting a smaller number of potential defects, with the potential defects that are reported 
having a higher probability of being real defects. Thus, the flexible thresholding process 
improves the defect detection accuracy of the TFT-array testing system 362, even when the 
system's intrinsic performance is inaccurate. 

[106] Even though the probability of this occurring is very low, the presence of 
foreign substances or particles on the TFT-array panel can cause an abnormally high 
number of SPDs or MPDs. In this case, the flexible thresholding process will exclude 
some real defects that will not be included in the final defect report. However, even if the 
flexible thresholding process excludes real defects, this will generally not be an issue 
because a TFT-array panel whose total number of defects is greater than TNc is generally 
not repaired and is therefore useless anyway. 

[107] As discussed above, process non-uniformities and/or process contamination 

may or may not turn out to be actual process problem causing real defects in the TFT-array 

panels. These defects may be detected by cell or module inspections, or they may pass 

these inspections but still cause noticeable display defects. Therefore, for TFT-array panels 

that exhibit an abnormally high number of SPDs or MPDs, the TFT-array testing system 

362 is preferably configured to generate a warning signal (e.g., through a notation in the 

defect file), that is sent to cell and module inspection equipment. In this way, the 

inspection equipment can be triggered to perform a more stringent inspection of the TFT- 
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array panels with an abnormally high number of reported defects. Additional aging tests 
can also be performed on those TFT-array panels to screen out those panels with process 
non-uniformities or process contamination that may lead to display defects. 

[108] If an abnormally high number of SPDs or MPDs reported by the TFT-array 
testing system 362 is correlated to real defects during cell inspection, module inspection, 
aging test, or actual usage of the display, then this defect information is preferably collected 
and used to try to remove the causes of the abnormally high number of defects (e.g., 
remedy the process non-uniformities or remove the causes of the process contamination) 
in the TFT-array fabrication process. 

[109] Alternatively, if an abnormally high number of SPDs or MPDs reported by 
the TFT-array testing system 362 is not correlated to real defects during cell inspection, 
module inspection, aging test, or actual usage of the display, then this false defect 
information is preferably collected and used to improve the measurement performance of 
TFT-array testing system 362 in order to reduce the number of false defects reported by 
the TFT-array testing system 362. 

[110] The present invention can be implemented on a server, which may be or 

include, for instance, a work station running any type of operating system or platform. 

However, the present invention could also be implemented on a programmed general 

purpose computer, a special purpose computer, a programmed microprocessor or 

microcontroller and peripheral integrated circuit elements, an ASIC or other integrated 

circuit, a hardwired electronic or logic circuit such as a discrete element circuit, a 
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programmable logic device such as a FPGA, PLD, PLA, or PAL, or the like. In general, 
any device on which a finite state machine capable of implementing the process steps, 
methods and mathematical routines discussed above can be used to implement the present 
invention. 

[Ill] The present invention may also be implemented in the form of a computer- 
readable medium storing a computer program for performing any one or more of the 
embodiments of the invention previously described herein. The computer-readable 
medium may be removable or permanent, magnetic or optical, or any other type of storage 
medium known. Examples include but are not limited to floppy disks and diskettes, 
compact discs, flash memories, digital tape, hard disks, and digital memories including 
those formed on stand-alone chips or incorporated with a processor on a single chip. The 
program may be one executable by a general-purpose processing system such as, but not 
limited to, a microprocessor-driven system, or the program may be one executable by a 
special-purpose processor, such as an ASIC or any other type known. 

[112] The foregoing embodiments and advantages are merely exemplary and are not 
to be construed as limiting the present invention. The present teaching can be readily 
applied to other types of apparatuses. The description of the present invention is intended 
to be illustrative, and not to limit the scope of the claims. Many alternatives, modifications, 
and variations will be apparent to those skilled in the art. In the claims, means-plus- 
function clauses are intended to cover the structures described herein as performing the 

recited function and not only structural equivalents but also equivalent structures. 
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